The observation that the enzymes that further modify targeted from the cytosol to the inner leaflet of the prenylated CAAX proteins are localized in the endomemplasma membrane (PM) by posttranslational modificabrane system has led to the hypothesis that, contrary tion of a C-terminal CAAX motif (Clarke, 1992). The CAAX to previous assumptions, ras is not targeted directly motif is necessary and sufficient for recognition by the from the cytosol to the PM but rather takes an indirect first in a series of enzymes that sequentially modify the route via the cytoplasmic face of the endomembrane C terminus of CAAX proteins (Reiss et al., 1990 ). This system. To test this hypothesis, we expressed a library first modification, prenylation, is catalyzed by one of of CAAX proteins tagged with GFP and determined their two soluble prenyltransferases that attach, respectively, localization in living cells using high-resolution digital a farnesyl or geranylgeranyl lipid via a stable thioether epifluorescence microscopy. Ras was expressed in the linkage to the CAAX cysteine. The substrate specificity Golgi and peri-Golgi vesicles prior to PM expression. for farnesyltransferase versus geranylgeranyltransferMoreover, our results indicate that the CAAX motif alone ase is determined by the residue in the X position of the targets proteins to the endomembrane system where CAAX motif (Casey and Seabra, 1996). Next, the prenylthey are methylated and that further trafficking to the CAAX motif is recognized by a specific protease that PM is dependent on either palmitoylation or a polybasic cleaves the AAX residues, leaving the prenylcysteine motif. Thus, rather than promoting nonspecific memas the new C terminus. The modified cysteine is then brane association, prenylation mediates specific associrecognized by a prenylcysteine carboxyl methyltransferation with the ER and Golgi membranes, and further ase (pcCMT) that methylesterifies the ␣ carboxyl group.
To exclude the possibility that the perinuclear fluorescence of GFP-ras-transfected cells was due to mislocalization caused either by the GFP epitope or overexpression, we examined the localization of endogenous ras by direct immunofluorescence. Although the resolution afforded by immunofluorescence in fixed, permeabilized MDCK cells was markedly inferior to that achieved in live GFP-Nras-transfected cells, endogenous ras was clearly observed in both PM and the perinuclear region ( Figure 1B) . Similar results were obtained with COS-1 cells.
To determine if the perinuclear fluorescence was due to ras in the Golgi apparatus, we colocalized by confocal microscopy GFP-Nras and Golgi markers. CHO cells transfected with GFP-Nras and fixed, permeabilized, and stained for mannosidase II revealed colocalization in the perinuclear region (Figure 2A i ) . Similarly, COS-1 cells transfected with GFP-Nras, treated with a Golgispecific vital stain (Texas red-conjugated BODIPY ceramide C 6 ), and observed alive revealed colocalization (Figure 2A ii ). To exclude the possibility that the apparent colocalization was due to PM-derived ras trafficking through the endosomal recycling compartment that is closely associated with the Golgi, we tested for sensitivity to brefeldin A (BFA), an agent known to cause dispersal of the cis and medial Golgi (Lippincott-Schwartz et al., 1989). BFA induced dispersal of the intensely fluorescent perinuclear structure illuminated by GFPNras ( Figure 2B ). To confirm Golgi localization of GFPNras, we examined by electron microscopy thin frozen sections of GFP-Nras-transfected COS-1 cells that were labeled with an anti-GFP antiserum and colloidal goldconjugated protein A ( Figure 2C ). As expected, gold particles decorated the PM of transfected cells. In addition, the label was found throughout the Golgi stack. To confirm Golgi localization of ras in untransfected cells, nous ras are expressed in the Golgi.
Trafficking of Nras by transfection, and observed its subcellular localization
To test the hypothesis that GFP-Nras is targeted to the in living cells by epifluorescence microscopy. Although, PM via the Golgi, we determined the relative kinetics of as expected, GFP-Nras was expressed in the PM ( effect on IPTG-induced GFP-Nras similar to that observed on the transiently expressed molecule (3B iii ). Thus, Golgi expression of GFP-Nras preceded PM expression and could be chased into the PM. This suggests that if Golgi and PM expression of GFP-Nras are related by vectorial vesicular transport, the transport is anterograde relative to the secretory pathway.
To compare the fluorescence pattern of GFP-Nras to that of GFP-tagged examples of a transmembrane protein that transits the secretory pathway and that of a posttranslationally modified protein that is targeted rapidly and directly to the PM, we transfected cells with VSVG-GFP (Presley et al., 1997) and Fyn-GFP (van't Hof and Resh, 1997), respectively. We utilized a temperature-sensitive mutant of VSVG-GFP that illuminates the ER at the nonpermissive temperature (Presley et al., 1997). However, like GFP-Nras, at the permissive temperature VSVG-GFP revealed PM and intense Golgi fluorescence without ER ( Figure 3C i ), suggesting that at steady state the flux and local concentrations of VSVG are such that GFP preferentially reports Golgi localization. In contrast, Fyn-GFP was apparent only in the PM ( Figure 3C ii ). Each of these fluorescence patterns was distinct from that of the cytosolic pattern revealed by transfecting the same cells with GFP-NrasC186S, a mutant that cannot be posttranslationally processed because the CAAX cysteine is changed to serine ( Figure  3C iii ).
VSVG-GFP has been observed in rapidly motile, relatively large (0.1-1.5 m) tubulovesicular peri-Golgi vesicles in living COS-1 cells after transient transfection (Presley et al., 1997) . We observed GFP-Nras in strikingly similar structures in living COS-1 cells ( Figure 3D ). Like VSVG-GFP-illuminated vesicles, we observed both rapidly motile (0.1-1 m/s) vesicles (arrows) and coalescence of vesicles into tubular structures (arrowhead). Also like VSVG-GFP, the GFP-Nras-illuminated vesicles moved in a saltatory fashion along linear tracks, suggestive of microtubules. Thus, the transmembrane protein VSVG-GFP that is transported by the secretory pathway and GFP-Nras appear to be expressed in similar vesicular structures. To test whether vesicular transport is required for PM expression of GFP-Nras, we treated cells Immediately following the pulse, GFP-Nras was assothe region of the Golgi. Moreover, the peri-Golgi vesicles observed with GFP-tagged Nras and Hras were not obciated with both the rough and smooth microsomes, consistent with the subcellular localization of prenylserved with GFP-Kras4B. Pulse-chase analysis of GFPKras4B in fractions derived from stably transfected CAAX processing enzymes, but relatively little was observed in the Golgi fraction. Subsequently, GFP-Nras MDCK cells revealed that the half-life of cytosolic GFPKras4B was one-third that of GFP-Nras and that GFPwas transiently observed in the Golgi-enriched fraction with a peak after 1 hr. Expression of GFP-Nras in the Kras4B was rapidly associated with all membrane fractions, including those enriched for Golgi (not shown). fraction enriched for both PM and smooth microsomes was constant over the chase period, consistent with To examine the possibility that the interaction between the GFP tag and the various ras molecules might both early and late delivery of protein to this mixed fraction. The pattern of expression of endogenous ras be responsible for the differential localization, we transfected cells with untagged N-, H-, and Kras4B and deterin the Golgi and mixed PM/smooth microsomal fractions was identical to that of GFP-Nras. When analyzed for mined subcellular distribution by direct immunofluorescence ( Figure 5C ). We utilized CHO cells in these studies percent of total recovered endogenous ras associated with each membrane fraction ( Figure 4C described in the hypervariable domains of the various differential localization of the full-length proteins. This suggests that each type of second signal (palmitoylation ras gene products are sufficient to account for the differential localization observed with GFP-tagged ras proor a polybasic domain) directs ras proteins to alternative membrane targeting pathways. teins, we tagged peptides corresponding to the three hypervariable regions with GFP ( Figure 5D ). GFP constructs extended at the C terminus with the last 11 amino acids (aa) of Nras, the last 10 aa of Hras, or the last 20
The CAAX Motif Targets Proteins to the Endomembrane System aa of Kras4B and gave patterns of fluorescence indistinguishable from those of the GFP-tagged full-length conWe confirmed that the CAAX motif is necessary for membrane targeting by demonstrating that GFP-NrasC186S structs. Thus, the hypervariable domains of ras gene products are necessary and sufficient to account for the (mutation in the CAAX cysteine) remained in the cytosol not for endomembrane association but rather for subsequent ras trafficking out of the endomembrane system. To confirm this, we tagged with GFP an NrasC181S mutant in which the single palmitoylation site was removed, an HrasC181S,C184S double mutant in which both palmitoylation sites were removed, and a 20 aa Kras4B hypervariable domain in which the six contiguous lysines were changed to glutamines. Each construct was localized in the ER and Golgi but not in the PM ( Figure 6B ) in a pattern indistinguishable from that of the GFP-CAAX constructs ( Figure 6A ). Thus, palmitoylation or a polybasic domain do not simply act in conjunction with farnesylation to promote nonspecific membrane association, but rather are required for further trafficking of already membrane-associated ras molecules out of the endomembrane system.
Carboxyl Methylation Is Required for Ras Trafficking
The endomembrane targeting encoded by the CAAX motif together with the endomembrane localization of prenyl-CAAX processing enzymes suggests that further processing may regulate subsequent transport to the PM. To test this hypothesis, we studied the role of carboxyl methylation in membrane targeting of GFP-tagged ras proteins. To establish that our GFP-tagged ras proteins and CAAX constructs were substrates for pcCMT, we determined colocalization with pcCMT of prenylated GFP-CAAX proteins and analyzed the expressed fusion proteins for carboxyl methylation. We compared the subcellular localization of GFP-CAAX constructs to that Interestingly, whereas Nras and Hras were carboxyl methylated to a similar degree, the molar ratio of methyl ( Figure 3C iii ). To determine if the CAAX motif alone, pregroup incorporation into GFP-Kras4B was almost twice viously shown to be insufficient for PM targeting (Hanthat of the other ras gene products, indicating that, decock et al., 1991b), is sufficient for endomembrane tarspite the predominantly PM steady-state pattern of geting, we added the CAAX sequences of Nras, Hras, GFP-Kras4B fluorescence (Figure 5) , the recombinant Kras, and the ras-related protein Rac1 to the C terminus protein must nonetheless have access to the endomemof GFP. Each GFP-CAAX construct was not detected in brane system, consistent with the endomembrane tarthe cytosol, but rather in the ER, nuclear envelope, and geting of the Kras4B CAAX motif (Figure 6A ii ). Golgi ( Figure 6A ). High-magnification, high-resolution In contrast to the differential methylation of the fullimages revealed a distinct localization on individual ER length constructs, the CAAX motifs alone of each ras canaliculi extending to the periphery of the cell but comprotein tagged with GFP were carboxyl methylated to a pletely excluding the PM ( Figure 6A , right panels, and similar extent. Furthermore, the palmitoylation-deficient Figure 7A ii ). The localization of GFP-CLLL (Rac1 CAAX mutant of GFP-Nras was methylated to the same extent motif, Figure 6A iii ), a substrate for geranylgeranlytransas the Nras CAAX motif alone. The extent of methylation ferase type I rather than farnesyltransferase, was indisof each of these constructs was roughly half that of the tinguishable from that of the three ras CAAX motifs full-length ras proteins, suggesting that, whereas the (GFP-CVVM, GFP-CVIM, and GFP-CVLS, Figures 6A i , second signal is not required for carboxyl methylation, 6A ii , and 7A ii ), demonstrating that endomembrane tarit enhances the efficiency of this modification. geting by CAAX sequences is independent of the type GFP-CLLL was methylated twice as efficiently as the of isoprenyl modification. farnesylated GFP-CAAX constructs, consistent with the These data suggested that the second membrane targeting signal upstream of the CAAX motif is required higher rate constant of pcCMT for geranylgeranylated ., 1996) . The vast majority of pubmembrane is mediated by components of the classical secretory pathway or a novel pathway remains to be lished studies that reported ras in the PM relied either on analysis of soluble (S100) versus insoluble (P100) determined. In either case, the topology is such that ras , 1984) . Thus, ranging implications that include the suggestion of prenyl-CAAX membrane-binding sites in the ER, compartboth our observations that at steady-state ras is in the endomembrane system and that a large pool of nascent mentalized modification, vesicular transport of CAAX proteins, and signaling on intracellular membranes. ras remains cytosolic are not inconsistent with the previous literature.
Our observation that the subcellular localization of Kras4B differs from that of Nras and Hras was unexThe seminal studies of Hancock and Marshall established that CAAX processing was necessary but not pected. The Kras4B CAAX motif was indistinguishable from that of Nras and Hras in acting alone to direct sufficient for PM localization of ras (Hancock et al., 1990 (Hancock et al., , 1991b . Also required was a second signal in the hyper-GFP to the endomembrane. Moreover, GFP-Kras4B was carboxyl methylated to a higher stoichiometry than the variable domain that consisted of either palmitoylation sites or a polybasic domain. The conclusions reached other two ras gene products tagged with GFP, a modification that is restricted to the endomembrane system. by these authors were based on solubility, Triton X-114 partition, and immunofluorescence. In retrospect, the Thus, it appears likely that Kras4B, like its homologs, transits the endomembrane compartment. One explanalocalization revealed by indirect immunofluorescent analysis of palmitoylation-deficient and polybasic-neutraltion for the apparent difference in the extent of Golgi expression among GFP-tagged ras proteins is that the ized mutants in fixed, permeabilized cells that was interpreted as cytosolic staining (Hancock et al., 1990 ) is in kinetics and/or flux of endomembrane transit may be distinct. Indeed, the cytosolic half-life of GFP-Kras was from that followed by CAAX proteins containing a polybasic domain. Thus, rather than cumulatively conveying one-third that of GFP-Nras. The basis for a kinetic difference could be two distinct pathways of transport from nonspecific hydrophobicity on otherwise hydrophilic proteins, the sequential events of CAAX processing regthe endomembrane system to the PM. For example, whereas palmitoylation of Nras and Hras might target ulate discrete stages of progress along a pathway. The compartmentalization and relative complexity of this these proteins to transport vesicles, the polybasic domain of Kras4B might specify an alternative pathway. model would allow for much greater regulation of the flux of ras to the PM. Recently developed inhibitors of Indeed, we observed vesicles similar to those illuminated by VSVG-GFP with GFP-Nras and GFP-Hras but farnesyltransferase show great potential as anti-cancer drugs (Gibbs and Oliff, 1997). The complexity of ras not GFP-Kras4B. Supporting the notion of multiple membrane trafficking pathways for ras proteins is the trafficking elucidated by our data suggests that membrane targeting of ras might be interrupted at multiple recent observation that Kras4B, but not Nras or Hras, was associated with tubulin and that PM expression of stages, raising the possibility of therapeutic synergy among inhibitors of the transport pathway developed GFP-Kras4B only was blocked by nocodazole, an agent that depolimerizes microtubules (Thissen et al., 1997) .
to block oncogenic ras. Whereas carboxyl methylation significantly augments bility that palmitoylation specifies a pathway distinct
